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Abstract. Experiments conducted in high-performance 1.0 MA and 1.2 MA 6 MW
NBI-heated H-mode discharges with a high magnetic flux expansion radiative divertor
in NSTX demonstrate that significant divertor peak heat flux reduction and access
to detachment may be facilitated naturally in a highly-shaped spherical torus (ST)
configuration. Improved plasma performance with high 3; = 15 — 25 %, a high
bootstrap current fraction fgs = 45 — 50 %, longer plasma pulses, and an H-mode
regime with smaller ELMs has been achieved in the strongly-shaped lower single null
configuration with elongation x = 2.2 — 2.4 and triangularity § = 0.6 — 0.8. Divertor
peak heat fluxes were reduced from 6-12 MW/m? to 0.5-2 MW /m? in ELMy H-mode
discharges using the inherently high magnetic flux expansion f,,, = 16 — 25 and the
partial detachment of the outer strike point at several Ds injection rates. A good
core confinement and pedestal characteristics were maintained, while the core carbon
concentration and the associated Z.;¢ were reduced. The partially detached divertor
regime was characterized by an increase in divertor radiated power, a reduction of ion
flux to the plate, and a large neutral compression ratio. Spectroscopic measurements
indicated a formation of a high-density, low temperature region adjacent to the outer
strike point, where substantial increases in the volume recombination rate and CII,
CIII emission rates was measured.
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1. Introduction

Candidate techniques for steady-state mitigation of divertor heat and particle loads in
future fusion plasma devices must be capable of reducing particle fluxes to the levels of
acceptable divertor plate material erosion rates and heat fluxes to ¢ ~ 10 MW /m?,
a limit imposed by the present day divertor material and engineering constraints.
The techniques must also be compatible with high-performance high-confinement (H-
mode) core plasmas and particle control methods. At present, candidate mitigation
strategies for ITER and next step fusion devices include both the passive techniques,
such as divertor geometry, and active techniques, such as radiative divertors and field
ergodization [1, 2, 3]. The radiative divertors use deuterium and/or impurities to reduce
divertor particle and heat fluxes through volumetric momentum and energy dissipative
processes - the ion-neutral elastic and inelastic collisions, recombination and radiative
cooling [1]. The effectiveness of radiative divertors depend on many factors [1], the
magnetic configuration and magnetic balance among them, as highlighted by recent
tokamak studies [4]. Specialized divertor geometry configurations take advantage of the
poloidal magnetic flux expansion to reduce particle and heat flux density on divertor
targets, as well as the target inclination down to ~ 1° in respect to the incident field
lines, and the extended connection length to radiate additional power [3, 5]. Closely
coupled to the development of the mitigation techniques are experimental studies of
the scrape-off layer (SOL) transport and turbulence that provide validation of divertor
models and novel designs [1, 2].

Substantial experimental work has been carried out on the radiative divertor and
divertor geometry effects in tokamaks [1, 2]. In a low aspect ratio spherical torus (ST)
magnetic geometry, an inherently large divertor figure of merit P/R [6] (where P is
input power and R is major radius) and a number of ST SOL and divertor geometry
features lead to high divertor heat fluxes [7, 8], raising concerns over divertor operation
in the proposed ST-based concepts, e.g., the Component Test Facility (CTF) [9] and
National High-power Advanced Torus eXperiment (NHTX) [10]. Both of the concepts
employ the radiative divertor and/or mantle with high radiated power fractions.

This paper reports on the recent radiative divertor experiments in the
National Spherical Torus Experiment (NSTX): a significant peak heat flux reduction
simultaneously with good core plasma confinement have been demonstrated in high
performance 1.0-1.2 MA, 6 MW NBI-heated H-mode discharges. Access to the
radiative divertor regime was previously studied in NSTX in 2-6 MW NBI-heated H-
mode discharges in a weakly shaped lower single null (LSN) configuration (a range of
elongations k = 1.8 — 2.0 and triangularities § = 0.40 — 0.50) using a high D5 injection
rate generally incompatible with H-mode confinement [11, 12]. Experiments conducted
in 0.8 — 1.0 MA, 4 — 6 MW NBI-heated H-mode discharges in a highly-shaped LSN
configuration, however, demonstrated reliable access to the partially detached divertor
(PDD) regime. The peak heat flux g,; at the outer strike point (SP) was successfully
reduced from 4-6 MW /m? to 0.5-2 MW /m? using divertor deuterium injection with
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minimal confinement deterioration [13]. In this work, we demonstrate the successful
divertor peak heat flux mitigation at the highest divertor heat flux values in the highly-
shaped configuration, and discuss new insights into NSTX high flux expansion divertor
properties enabled by new divertor diagnostic data.

2. Experiment

NSTX is a medium size spherical tokamak with a major radius R = 0.85 m, minor radius
a = 0.67 m, and an aspect ratio A = 1.4 — 1.5. Auxiliary plasma heating is achieved by
neutral beam injection (NBI) from three sources with 90 kV energy each. The NSTX
divertor consists of horizontal and tilted (0 = 24°) toroidally extended copper plates
covered with 1.25 cm thick ATJ graphite tiles as shown in Figure 1 (a). The tiles act
as plasma-facing components (PFCs). Both NSTX upper and lower divertor plates are
up-down symmetric. Both divertors have open geometry enabling much flexibility in
plasma shaping.

The NSTX plasma control system [14, 15] was used to obtain a highly-shaped LSN
configuration with x ~ 2.2—2.3, § ~ 0.8, and the d,., parameter, the mid-plane distance
between the primary and the secondary separatrices, between 8 and 12 mm (Figure 1
(b)). This configuration is referred here forth to as an LSN configuration, although
the secondary (upper) X-point was inside the vacuum vessel and the configuration may
also be referred to as a LSN-biased double null configuration. In this configuration,
the inner SP was located on the vertical graphite tile target (inner wall), while the
outer SP was located on the horizontal graphite target. The ion VB drift direction
was toward the lower X-point, and the toroidal field B; = 0.45 T. A salient feature of
this highly-shaped configuration was a high magnetic flux expansion f,, = 18 — 26, and
simultaneously, a high divertor area expansion A.,, = fnRosp/Rup = 3.5 —7.8. The
poloidal magnetic flux expansion is defined here as f,, = (By/Biot),p(Bo/ Btot)(_)}gp,
where By is the poloidal magnetic field, and By, is the total magnetic field, both
evaluated at the mid-plane separatrix (Ryp) and at the outer strike point (Rosp)-
In Figure 1 (b), normalized SOL flux contours separated by 9 mm in the mid-plane are
shown. The divertor SOL is defined as a SOL region where both the inner and the outer
divertors are fully connected by magnetic flux surfaces. Outside of the divertor SOL,
in the far SOL region, magnetic field lines connect the lower divertor and the upper
divertor targets.

A comprehensive SOL and divertor diagnostic set has been developed on NSTX
(Figure 1 (c)). The diagnostic details can be found in Refs. [11] -[13]. Briefly, divertor
heat flux profiles were measured by infrared microbolometer cameras operated at a 30
Hz framing rate [8, 16]. Other diagnostics used in this study were one-dimensional
spectrally filtered CCD arrays [17], a 0.5 m commercial ultraviolet-visible (UV-VIS)
spectrometer [18], tile Langmuir probes of the flush-mounted design [19, 20], as well as
microionization and Penning neutral pressure gauges [21]. Recent facility and diagnostic
upgrades were aimed at 1) improved control of divertor gas injection and 2) improved
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Figure 1. (a) Photograph of NSTX divertor, (b) Plasma equilibrium and layout of
divertor diagnostics.

measurements of radiation and neutrals to elucidate on the power and momentum
balance in the divertor. These upgrades are briefly described as follows. A new divertor
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gas injector with a piezoelectric valve enabled D, injection into the outer SOL at a
constant flow rate up to 200 Torr 1 / s (1.4 x 10*? s71). The flow rate was controlled
by pre-filling the injector plenum to a certain calibrated pressure. The gas release was
controlled by fully opening the valve which had a characteristic time response of 2-3
ms. To improve spatial resolution of the previously reported impurity and deuterium
line emission measurements [13], a new ten channel interface was developed for the
divertor UV-VIS spectrometer [18]. This enabled a ten point profile measurement of
impurity and deuterium line emission over most of the lower divertor area. An upgrade
to the divertor bolometer system included new detectors and also provided higher spatial
resolution of the radiated power measurements in the outer divertor leg. An additional
Penning gauge was installed in the outer divertor region, to complement the existing
mid-plane and divertor pressure measurements [21]. The neutral pressure measurements
were not conductance-limited over

3. High-performance H-mode discharges with radiative divertor

The highly-shaped configuration with plasma elongation x ~ 2.2 — 2.3 and triangularity
0 ~ 0.7 — 0.8, developed in NSTX in recent years, was used to obtain high-performance
plasma regimes, thus demonstrating that the relationship between strong shaping and
high performance also held true in the low aspect ratio geometry. Improved plasma
performance approaching the performance level of CTF with high g, = 15 — 25 %,
high By < 5.7, and a high bootstrap current fraction fpg = 45 — 50 % sustained
for several current redistribution times has been achieved in highly-shaped plasmas in
NSTX [14, 22]. This configuration also enabled a routine attainment of an attractive
small-ELM H-mode regime [23], providing a basis for a high-performance scenario for
future ST-based devices.

Radiative divertor experiments conducted in the highly-shaped configuration
demonstrated the benefits of increased shaping for divertor heat flux management. The
high divertor magnetic flux (and area) expansion led to reduced particle and heat fluxes
on the divertor plate, and facilitated access to the outer SP detachment [13]. In this
work we demonstrate successful radiative divertor operation in high-performance 1.0-
1.2 MA H-mode discharges with 6 MW NBI heating. Steady-state measurements of
outer divertor heat flux in the NSTX at low x,d showed that the peak heat flux gy
increased monotonically with Pyp; and I,, whereas the heat flux width A, decreased
with I, [24]. The gy trend is understood as the corresponding increase in Pgoy, from
the external and ohmic heating powers, and the decrease in connection length L (L is
proportional to the safety factor). To the lowest order, this provided a quantitative
explanation for the g, dependence on Psor, and a qualitative explanation for the
I, trend. Because of ¢y = Psor/AL = Psor/(4mR(By/Biot))g), the discharges with
I, = 1.0 - 1.2 MA and Pyp;r = 6 MW result in the highest SOL parallel heat flux,
estimated to be ¢ ~ 50 — 80 MW/ m?2. The radiative divertor technique employed
divertor D, injection that increased divertor density, recycling and neutral pressure.
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Figure 2. Time traces of the 1.0 MA and 1.2 MA 6 MW discharges with and without
divertor gas injection: (a) fie, I, (b) Stored energy, gas injection (c) Core Proq, (d)
Central Zess, (e) Divertor D,

The associated increases in radiated power and ion momentum loss through charge
exchange, elastic collisions, and eventually recombination, led to a reduction in heat
and particle fluxes in the outer SP region. Many characteristics of the NSTX PDD
regime were similar to the PDD regimes induced by extrinsic deuterium injection (e.g.,
[25]) and/or occurring naturally at high plasma density (e.g., [26, 27]) in large aspect
ratio tokamaks. In this section we discuss core, SOL and divertor measurements that
contributed to a consistent picture of the partially detached OSP regime in NSTX.
The inner divertor strike point typically detached at early time (low 7.) and remained
detached throughout the discharge duration, as a result of the low SOL power flow,
proximity of the inner wall, and higher inner leg n. due to inner wall gas fueling. The
ISP was detached in nearly all NBI-heated H-mode discharges in NSTX [13, 28].

An important objective of this experiment was to demonstrate the radiative divertor
operation in NSTX with minimal core and pedestal plasma performance degradation.
Core conditions are illustrated for the reference 1.0 MA and 1.2 MA 6 MW H-mode
discharges and for the discharges with divertor Dy injection in Figure 2. A transition
to the PDD regime occurred within 30-70 ms from the start of the Dy injection in both
cases. Core plasma stored energy degraded by 5-15 % during the PDD phase. Core
plasma [3; was maintained between 16 and 22 throughout the I, flat-top. The energy
confinement time in the H-mode phase was 7 ~ 40 — 60 ms, in the range 1.6-1.8
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Figure 3. Divertor gy, (a), plasma stored energy Wyrap (b), and end time of plasma
current I, flat-top (c), for 1.0 MA (left column) and 1.2 MA (right column) PDD
discharges as a function of divertor gas injection rate at 120 ms, 170 ms, and 270 ms
after the start of gas injection. Note that 1 torrl /s =17 x 101 s71.

of the ITER89P confinement scaling factor. Plasma 7. and n. profiles measured by
the Thomson scattering system showed that in general, pedestal T, decreased and n,
increased by about 5-15 %. As in previous radiative divertor experiments in NSTX
[11, 13], divertor gas injection led to a large core carbon concentration and radiated
power reduction. The main impurity identified by vacuum ultraviolet and ultraviolet
spectroscopy was carbon. Plasma Z.;f was in the range 1.5-2.5. Both P, and
Z.ss decreased substantially, by 20-30 %, in the PDD phase. This decrease could be
attributed in part to the large Type I ELMs that appeared as a result of gas puffing
in the 1.2 MA discharges and expelled impurities from the core. However, in the 1.0
MA discharges the gas puffing did not affect the reference, small ELM regime, yet a
similar reduction in P,.q and Z.¢s took place. The core carbon concentration reduction
could be due to magnetohydrodynamic (MHD) activity, a reduction in the carbon edge
source, and due to changes in radial impurity transport. Two MHD modes, with toroidal
numbers n = 2 and n = 3, were identified in these discharges, and the gas injection
did not seem to have any impact on their frequency and duration. This result suggests
further studies of the carbon source and core transport effects in the PDD regime in
NSTX. Large aspect ratio tokamak experiments demonstrated that gas puffing and
OSP detachment can have measurable effects on the divertor carbon source by reducing
carbon chemical and physical sputtering rates [29], on the edge radial electric field,
and on SOL ion and impurity flow pattern through the parallel momentum balance
(viscosity), propagating the latter effect to the edge and core impurity transport [30, 31].
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A partial detachment of the outer SP has been obtained at several gas puffing rates
I'y. Summarized in Figure 3 (a) are the peak heat flux ¢,, measurements at progressive
times for a number of gas puffing rates for the 1.0 MA and 1.2 MA discharges. For
comparison, measurements of highest ¢, in reference discharges (without gas injection)
are also shown. In general, higher gas puffing rates were necessary to reduce g, in 1.2
MA discharges, where g was higher, in comparison to 1.0 MA discharges, as ¢ and
Ag depend on [,. As evident from the figure, higher I'; led to a faster g, reduction.
However, after about 250-270 ms, peak heat fluxes reached steady-state low levels about
1 MW /m? in the 1.0 MA discharges, and about 1.5-2.0 MW /m? in the 1.2 MA discharges.
The optimization of the gas injection entailed using the rate and gas pulse duration
that reduced ¢, on a time scale of 100-200 ms yet caused a minimal reduction in
confinement and did not lead to an X-point MARFE formation over 0.5-0.7 s. For the
1.0 MA discharges, this rate was found to be I'y < 100 Torr 1 /s, while for the 1.2 MA
discharges it was in the range 110-160 Torr 1 /s, as follows from the stored energy trend
shown in Figure 3 (b) and the plasma current /, end of flat-top times (Figure 3 (c)).
Qualitatively, higher level gas puffing led to a more resistive plasma (higher 7., lower
T.), thus a higher inductive flux consumption (higher normalized internal inductance
l;, not shown); an earlier formation of a highly radiative X-point MARFE, thought
to be detrimental to high confinement. This experience was similar to large tokamak
experiments with open geometry divertors operated without active pumping [1].

Outer divertor heat flux profiles, measured between large and medium ELMs and
averaged over small ELMs, showed a substantial reduction in divertor heat load during
the PDD phase. Shown in Figure 4 are divertor heat flux profiles for the 1.0 MA and
1.2 MA discharges discussed above. In both cases, a 40-70 % decrease in heat flux
was measured in a ~ 10 cm radial zone adjacent to the outer SP. The extent of the
detachment zone was within 50-80 % of the full divertor SOL width. Heat flux profiles
did not change outside of the detachment zone, remaining at the level 0.5-1.0 MW /m?.

Partial detachment characteristics pertaining to the outer divertor power and
momentum balances will now be discussed using the 1.2 MA discharge data. Time
traces of the SOL and divertor power balance components for the 1.2 MA case are
shown in Figure 5. They confirmed that divertor radiated power accounted for much of
the divertor power loss. From the total SOL power of Pso;, = 4.5 — 5 MW, the outer
divertor target received about 2-3 MW in the reference discharge, and 1-2 MW in the
PDD discharge, as shown in Figure 5 (b). From the 5-15 % difference in Qg;»/Psor
between the reference and PDD discharges, the divertor radiated power could be infered
Pliv < (0.2 — —0.7 MW. Intrinsic carbon impurity and deuterium were identified as the
main radiating species responsible for divertor power loss, as discussed later in this
section. The power flow into the upper divertor was negligible, as would be expected
in the LSN-biased configuration. This was confirmed by IR camera measurements. It
was not possible to measure the total lower divertor radiated power with the present
bolometer system (Figure 1) as the uncertainties in radiation distribution viewed by
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Figure 4. Divertor heat flux profiles in the reference and PDD discharges - (a) 1.0
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only two nearly horizontal chords could lead to P%Y uncertainties of + 50 % or even
higher [32]. Divertor bolometer signals representative of the outer divertor leg (chord
3, below the X-point) and edge (chord 5, above the X-point) did show an increase in
brightness. However, the chord 2 brightness, representative of the region above the
outer SP, was lower in the PDD case (Figure 5 (c, d)). A direct comparison between
the plasma brightness traces in the reference and the PDD discharges was complicated
by the fact that the two divertor bolometer chords measured radiation above the outer
SP and below the X-point, thus potentially missing the regions where much radiation
occured in the PDD discharge. Another issue was that the radiation front, a region of
the maximum carbon radiation efficiency with 7, ~ 10 eV, was likely to move up along
the divertor leg after the PDD onset, as the parallel temperature gradient steepened and
T. in the outer SP region decreased, as observed in large aspect ratio tokamaks (e.g.,
[33]). The transient increase in plasma brightness at the PDD onset measured by chord
2 (figure 5 (d)), not associated with a large ELM or plasma movement, was suggestive
of such radiation front formation and move.

During the detachment, parallel plasma pressure loss results in the reduction of a
particle flux to the divertor plate. An experimental evidenced for this is the Langmuir
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probe ion saturation current density "roll-over”, or in some cases, constant value, in
the detachment zone, while the divertor D, intensity continues to increase due to
recombination [1, 34]. Shown in Figure 6 (a), (b) are the outer divertor ion flux density I';

time traces of two divertor Langmuir probes. The parallel ion flux density was obtained
~1

probe TM€ASUTEments: I'; = j&i(e siny)~! where e is the electron charge,

from jy = LA
and vy is the angle between the total magnetic field and the probe tip surface, and A, ope
is the probe tip collection area. Probe locations are shown in Figure 1. Probe 2913 was
located at 9-11 cm from the OSP, marginally inside the PDD zone. The I'; measured by
this probe remained low during the gas injection and OSP detachment, and eventually
reduced, while D, intensity substantially increased (Figure 6 (c)). Probe 1307 was
located in the far SOL region connected by magnetic field lines to the upper divertor.
The increase of the I'; measured by the probe, as well as the D, intensity at the probe

location, were well correlated with the divertor gas injection. Shown in Figure 6 (e) is
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Figure 6. Time traces of (a) T'; measured by Langmuir probe 2913, located at
R = 0.495 m; (b) T'; measured by Langmuir probe 1307, located at R = 0.797 m; (c)
D,, brightness at the divertor R = 0.495 m location; (d) D, brightness at the divertor
R = 0.797 m location in the 1.2 MA reference and PDD discharges; (e) n. measured
by the Thomson scattering system at the Rynid—piane = 1.513 m location connected with
probe 1307.

the n. time history measured by the Thomson scattering system in the mid-plane at
R = 1.513 m, a radial region connected by filed lines to the Langmuir probe 1307. The
plasma control system held the outer separatrix position nearly constant between 0.2
s and 0.7 s. The particle flux measured by probe 1307 was found to be a function of
the upstream density: I'; ~ n¢, with a = 1.5 — 2.2, suggesting that the far SOL was in
the high-recycling regime during the Dy injection. The functional dependence I'; ~ n?
and electron collisionality vF > 15 are expected in the high-recycling regime based on
a two-point heat transport model arguments [34]. The electron collisionality in the far
SOL during the Dy injection was estimated to be v = [./\. ~ 20 — 30, where [, was
the connection length, and A\, was the electron mean free path, for [, ~ 3 m from the
equilibrium reconstruction, and 7, = 5 — 10 eV, n, = 0.2 — 0.8 x 107 m~3 from the
Thomson scattering measurements.

The difference between the detached near SOL and high-recycling far SOL region
conditions was also apparent in the fast D, measurements in the ELMy phase (Figure 6
(c) and (d)). The Type I ELM heat pulse perturbation caused D, spikes in the high-
recycling region, corresponding to a D, emissivity increase in response to a transient
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neutral pressure in outer divertor region, Penning gauge 115, (¢) mid-plane neutral
pressure.

increase in 7, and n.. In the detached region, where D, intensity included a large
component due to electron-ion recombination, the ELM heat and particle pulse caused a
transient re-attachment of plasma, and a transient reduction in recombination rate, thus
a ”dip” in the D, trace. This conjecture is consistent with comprehensive measurements
of the SOL response to Type I ELMs in DIII-D [35, 36].

Parallel plasma pressure loss in the SOL during detachment is caused by ion
momentum loss due to ion-neutral collisions and charge exchange between ions and
neutrals. A high neutral density in the divertor must be maintained for these reactions
to occur at a substantial rate. It is also desirable to maintain a fairly low neutral pressure
in the main chamber, since neutrals can affect the edge electric field and plasma rotation
through the toroidal angular momentum flux modification due to charge exchange, and
thus cause an H-L transition. One way to address this situation is to operate with a
geometrically closed divertor which reduces neutral flux from the divertor to the main
chamber (e.g., [1, 37]). As previously shown in NSTX, a high magnetic flux expansion
divertor even in an open geometry can provide a high neutral compression ratio due to
its high plasma " plugging” efficiency [13]. This is demonstrated by time traces of neutral
pressure in Figure 7. A high neutral pressure, p, = 0.5 — 1.5 mTorr, was maintained
in the divertor during the PDD phase, while mid-plane neutral pressure remained low.
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Figure 8. Divertor ultraviolet spectra corresponding to the R = 0.450 m in the 1.2 MA
reference and PDD discharges at times before (a) and after (b) divertor gas injection
(no gas injection in the reference discharge).

A two point divertor Penning gauge measurements indicated a radial gradient in the
divertor pressure, confirming that the high neutral pressure (density) zone was localized
in the OSP region. The Penning gauges 113 and 115 were not directly affected by gas
puffing, as they were toroidally separated from the divertor gas injector by 90 and 30
degrees, respectively.

New insights into divertor detachment dynamics in NSTX was provided by
the impurity and deuterium emission profiles measured by multichannel ultraviolet
spectroscopy (Figure 1). Shown in Figure 8 are the OSP region ultraviolet spectra
in the reference and the PDD discharges at times before and after the detachment
onset. Molecular CD and BD bands seen in all spectra suggest further spectroscopic
studies of the role of molecules in the high expansion divertor performance. The
Paschen continuum slope, Stark broadening and intensity of deuterium Balmer series
lines n = 2 — m, where m = 6 — 11 are characteristic of recombination rate and
average divertor T, and n. [38, 39, 40]. Volume recombination rate and carbon C IT and
C III emission dynamics were obtained from the spectra. Shown in Figure 9 are the
brightness contours of the A = 380 nm deuterium B10 line, representative of the divertor
recombination distribution, the A = 392 nm C II line and the A\ = 407 nm C III line,
representative of the C II and C III emission distribution in the divertor, respectively.
Also shown are time histories of the OSP major radius and a projection of the X-point
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Figure 9. Time histories of divertor line brightnesses and divertor emission profiles.
In the 1.2 MA reference discharge: (a) - Deuterium A380 nm B10 line, (b) - CII
A = 392 nm line, (c) - C III X\ = 407 nm line; In the 1.2 MA PDD discharge: (d)
- Deuterium A380 nm B10 line, (e) - CII A = 392 nm line, (f) - C III A = 407 nm
line. Panels (g), (h), (i) - Brightness profiles of B10, C II and C III emission in
the reference and PDD discharges at 0.611 s. Solid lines show time histories of the
OSP major radius. Dashed lines show a projection of the X-point magjor radius on the
divertor along the spectrometer viewing chords.

major radius on the divertor surface along the spectrometer viewing chords (Figure 1).
In the reference discharge, the recombination took place in the inner divertor, and in
the "gas box” gap between divertor plates around R = 0.60 m in the outer divertor
region. A large increase of recombination rate in the region adjacent to OSP and the
X-point were apparent in the PDD discharges during divertor D5 injection. In the same
region, based on the developed Stark broadening and line intensity analysis [13, 18],
the average plasma conditions were estimated to be n, < 3 —5 x 102 m=3, and low
T, < 1.0 — 1.5 eV. The spatial extent of this high density, low temperature region was
well correlated with other diagnostic time traces (e.g., those shown in Figure 6, 7). The
Balmer B10 line emission appeared to peak in the X-point region, suggesting that an X-
point MARFE could have formed later in the PDD phase. Both the C II and C III line
emission rates also significantly increased after the PDD onset as a result of increasing
n. in the outer divertor region. In the reference discharges, the carbon emission was
concentrated in the high-density inner divertor leg. In the PDD discharges, C II profiles
appeared to be nearly flat, while C III profiles were peaked in the PDD zone. Toward the
end of the PDD discharge, the carbon emission peaked around the X-point and in the
divertor plate gap, both regions of high electron density. The deuterium recombination
and carbon emission dynamics were consistent with the two dimensional picture of the
tokamak divertor detachment [41, 33].

4. Discussion

We have demonstrated experimentally that significant peak heat flux reduction
simultaneously with high core plasma performance and confinement can be achieved in a
high input power high current ST using the radiative divertor technique. The radiative
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divertor was induced by a moderate-rate, non-perturbative D, injection and radiation
from intrinsic carbon. The significance of this result is that it was obtained in a highly-
shaped horizontal plate divertor configuration without active pumping, suggesting that
in high performance highly-shaped ST plasmas access to reduced divertor heat flux
may be naturally facilitated by SOL and divertor geometry effects. The openness of
the divertor configuration is an additional benefit in this case since it enables much
flexibility in the plasma shaping and performance optimization.

Scrape-off layer and divertor geometry effects appear to play a prominent role in
divertor transport in NSTX. Shown in Table 1 are divertor parameters of the highly-
shaped NSTX configuration and for comparison, typical divertor parameters of a large
aspect ratio tokamak, such as, e.g., DIII-D [42]. Several ST geometry features that
explain the observed divertor heat flux trends in NSTX are evident. First, a large in-out
plasma surface area asymmetry in NSTX, along with a large Shafranov shift resulting in
steep outboard gradients, lead to the heat flow distribution mostly into the outer SOL
region. Second, a higher angle between B field lines and the divertor surface means that
for the same g, the deposited heat flux would be generally higher in an ST than in a
tokamak. Third, a relatively short parallel connection length [, between the X-point and
divertor target leads to reduced radiated power and momentum losses. The fraction of
g that can be radiated is a strong function of [, for the given impurity radiation function
Ly [43]. The momentum loss is also a function of /,. In a shorter parallel connection
length divertor, fewer ions are able to undergo collisions with neutrals and recombination
events before striking the divertor surface. Finally, because of a large magnetic shear in
the ST, there is a large radial gradient of the parallel connection length 01, (R)/0r. The
connection length is relatively short in the region adjacent to the separatrix [, =5 — 8
m (where SOL n, is high), and becomes even shorter I, ~ 1 m at a radial distance of
one SOL width A, [13]. A steep decline in [,(R) suggests that significant power and
momentum losses can be sustained only in the radial region adjacent to the separatrix,
while power and particle fluxes in the far SOL may be difficult to reduce.

The divertor detachment experiments in NSTX were previously interpreted using a
two point SOL heat transport model with losses [11], a one-dimensional heat conduction

Table 1. Typical SOL and divertor geometric factors of the NSTX high &,d
configuration and a tokamak.

Quantity NSTX Tokamak
Aspect ratio 1.4-1.5 2.7
In-out plasma boundary area ratio 1:3 2:3
Mid-plane to target connection length I. (m) 8-10 30-80
X-point to target parallel length I, (m) 5-7 10-20
X-point to target poloidal length L, (m) 0.05-0.15  0.05-0.25
Poloidal magnetic flux expansion f,, at OSP  16-24 3-15

Magnetic field angle at target (degree) 2-5 1-2
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Figure 10. Predictions of parallel heat flux exhausted by mon-coronal carbon
radiation (the Post model) for NSTX divertor for a range of densities n. and carbon
concentrations f. (or Zegs values).

SOL model with non-coronal impurity radiation (the Post model [43]), and the five
region SOL model with constant power and particle sources and sinks [13, 44]. These
models semi-quantitatively explained the features of the divertor regimes observed in
NSTX. The models predicted that large radiated power fractions and parallel momentum
loss fractions were needed to reach the OSP detachment in NSTX. Shown in Figure 10
is the prediction of the Post non-coronal carbon radiation model. The model has been
used to estimate divertor power losses for large aspect ratio tokamaks, e.g., ITER and
DIII-D [43, 45, 46]. The model includes the heat conduction equation along the flux tube
Q) = —koT3 (8T, /0z) and a power balance equation (0Q))/0x) = —nenzLz(T.), where
()| is the parallel heat flux, and nz, Lz are the impurity density and non-coronal radiated
power losses, respectively. The equations are integrated analytically to obtain the
maximum power fraction that is possible to exhaust along z (or [.) with conduction losses
and radiated power losses due to an impurity with a fraction f;. Non-coronal impurity
radiation effects, namely the charge exchange recombination effects and the impurity
recycling effects, are parametrized in the model in terms of the neutral fraction ng/n.
and the product of electron density and impurity recycling time n.7,c,, respectively.
For NSTX, we used ng/ne = 0.1 %, neTree, = 101 s m™3, T3 = 60 eV, and ni? = 10"
m3. Since the carbon cooling curve peaks at T, < 10 — 60 eV for the range of non-
coronal corrections applicable to NSTX, the model has little sensitivity to higher 77
temperatures. Figure 10 demonstrates that at typical NSTX connection length of 4-
8 m, a substantial fraction of the estimated ¢ = 50 — 80 MW /m? can be exhausted
by carbon radiation at reasonable divertor carbon and electron densities. Importantly,
the required densities are consistent with NSTX divertor measurements discussed in
Section 3.

The simplified one dimensional models described above did not include magnetic
balance and drift effects thought to be important for divertor detachment [4]. The
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model also did not include two dimensional divertor geometry effects, thought to be
essential for an apparently easy access to the outer SP detachment in the highly-shaped
(high §) configuration. This effect has been observed in large aspect ratio tokamaks
[25, 27, 37, 47, 48], and was apparent in the NSTX divertor detachment experiments
at low ¢ [11] and high § [13]. The high flux expansion divertor in NSTX has a high
physical divertor volume and apparently, a higher plasma ”plugging” efficiency. The
plasma "plugging” efficiency ( is defined as a fraction of recycling neutrals re-ionized in
the divertor region. In the high flux expansion divertor ( is higher because of the larger
divertor plasma size in physical space, higher low-temperature plasma volume, and thus
reduced transparency to neutrals.

The geometric features of the ST SOL and divertor discussed above help explain
the observed general divertor characteristics in NSTX. While highly radiative discharges
with reduced divertor heat flux are not uncommon in NSTX, the PDD regime appeared
to be accessible only with an additional gas injection and only in the highly-shaped
configuration [11, 13]. This is consistent It also appears that 7. is weakly coupled with
n? in NSTX as compared to conventional large aspect ratio tokamaks. In NSTX, the
n, increases are quite common, however, 7’ does not increase proportionally even when
n. approaches the Greenwald value [49]. This explains in part why the PDD regime does
not occur spontaneously as a result of the ramping density, as the SOL collisionality in
reference discharges remains at a fairly low value v5o; , ~ 10 — 30.

Many similarities in the PDD regime properties between NSTX and conventional
large aspect ratio tokamaks [25] were found. The PDD regime was characterized by
a peak heat flux reduction due to radiating intrinsic carbon impurity. A reduction in
divertor particle flux, apparently due to the pressure loss along the flux tube caused
by ion momentum loss, and a formation of an expanding region of high-rate volume
recombination, were evident. Also consistent with tokamak experiments, a long gas
injection apparently resulted in an increase of the divertor density beyond a critical
ne value leading to the X-point MARFE, which in turn degraded the confinement and
terminated the discharge. Further optimization of the radiative divertor regime in NSTX
would be facilitated with active pumping of the divertor density.

5. Summary

Successful divertor peak heat flux mitigation in a high power density ST with a
simultaneous high core plasma confinement properties has been demonstrated in NSTX
using the radiative divertor technique with Dy injection. Divertor peak heat flux
scaling developed for NSTX show monotonic dependence on input power (and Psor,)
and plasma current I,. In the highest achievable range of Pyp; = 6 MW and
I, = 1.0 — 1.2 MA, divertor peak heat flux was reduced from 6-12 MW/m? to 0.5-
2 MW /m? using high magnetic flux expansion and partial detachment of the outer
strike point. This, in combination with an attractive small ELM high-(3, high bootstrap
current fraction regime H-mode plasma scenario will form a basis for high-performance
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scenario development for the future ST-based concepts.
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